MtArg8 reversion assay, which measures point mutation in mtDNA, indicates that in budding yeast Saccharomyces cerevisiae, DNA polymerase ζ and Rev1 proteins participate in the mitochondrial DNA mutagenesis. Supporting this evidence, both polymerase ζ and Rev1p were found to be localized in the mitochondria. This is the first report demonstrating that the DNA polymerase ζ and Rev1 proteins function in the mitochondria.
A number of human diseases, including cancer have been attributed to pathogenic mutations of mitochondrial DNA (mtDNA) SINGH 2002, 2004; NAVIAUX 2000 NAVIAUX , 2004 KANG and HAMASAKI 2005) . Although mitochondria contain their own DNA encoding a handful of proteins, most mitochondrial proteins are synthesized in the cytoplasm and imported into the organelle (JENSEN et al. 2002) . The import system is complex and includes, for most proteins, a targeting sequence at the N-terminus (HAUCKE et al. 1997) .
MtDNA is continuously subjected to damage by reactive oxygen species (ROS), which are produced in the mitochondria as a byproduct of oxidative phosphorylation (OXPHOS) (CHI et al. 1994; DEBORAH et al. 1997) . Consistently, the accumulation of mutations in mtDNA is approximately tenfold greater than that in nuclear DNA, due to the proximity of mtDNA to ROS and the lack of protective histones (YAKES and HOUTEN 1997; SINGH et al. 2001) . The limited mtDNA repair also contributes to the accumulation of mtDNA mutation. In most organisms mitochondria depend on nuclear-encoded proteins to repair their DNA. In this regard, our previous studies suggest that Uracil-DNA glycosylase, encoded by the UNG1 gene in budding yeast, is capable of repairing uracil in mtDNA formed due to deamination of cytosine (CHATTERJEE and SINGH 2001) . In another study, we showed that 8-oxo-G encoded by OGG-1 gene also localized to mitochondria and repaired mtDNA . Research efforts from other laboratories have also contributed to better understanding of the mechanisms underlying DNA repair in mitochondria (BOGENHAGEN 1999 , RASMUSSEN and RASMUSSEN 2005 , STUART et al 2005 , DOUDICAN 2005 .
Translesion DNA synthesis (TLS) is an important damage bypass system known to operate in the nucleus. TLS enables cells to bypass replication blocking oxidative and other lesions in the nuclear DNA (GIBBS et al. 1998; LAWRENCE 2004) . TLS is mutagenic because it often incorporates incorrect nucleotides and is therefore described as an error-prone DNA translesion synthesis pathway (NAIR et al 2005 . Three proteins, Rev1, Rev3 and Rev7, constitute the major components of the error-prone TLS (NELSON et al. 1996) . Rev1 belongs to the UmuC family of proteins and possesses a deoxycytidyl (dCMP) transferase activity in a template-dependent reaction, which can efficiently insert a dCMP opposite a template apurinic/apyrimidinic (AP) site, whereas the Rev3 and Rev7 proteins constitute DNA polymerase ζ (Pol ζ) (KOZMIN et al. 2003; LAWRENCE 2004) . The human homologs of these proteins have been identified (MORELLI et al 1998 , LIN et al 1999 , GIBBS et al 2000 , MURAKUMO et al 2000 . These proteins are responsible for majority of spontaneous and damage-induced DNA mutagenesis in the nucleus.
In this paper, we provide evidence that yeast TLS proteins polymerase ζ and Rev1p localize to mitochondria. Furthermore, we demonstrate that inactivation of REV3 and REV7 encoding polymerase ζ, as well as REV1 genes, leads to suppression of mutation in mtDNA.
Yeast polymerase ζ and Rev1p localize in the mitochondria: Using the PSORT II (http://psort.nibb.ac.jp) software designed to identify mitochondrial targeting signal (MTS) in a protein, we analyzed the aminoterminus of Rev1, Rev3 and Rev7 proteins. Our analysis suggested that these proteins contain putative MTS at their N-terminus. Based on these predictions, DNA encoding N-terminal amino acids was amplified by PCR and fused individually in frame with the pGFP-C-Fus plasmid DNA encoding Green Fluorescent Protein (GFP, NIEDENTHAL et al 1996) . Mitotracker dye was used to locate the mitochondrial compartments ( Figure 1A) . The merged images clearly show that the fusion proteins yREV1-GFP, yREV3-GFP and yREV7-GFP localize to the mitochondria, whereas the GFP-encoding plasmid is distributed evenly in the cytoplasm. This study reveals that the N-terminal amino acids 1-148, 1-115 and 1-106, from the yeast Rev1p, Rev3p and Rev7p, respectively, can direct GFP protein into the mitochondria. To further substantiate our finding, we carried out Western blot analysis of mitochondrial extracts prepared from strains expressing the fusion proteins. 
Inactivation of genes encoding polymerase ζ and Rev1p decreases the frequency of mtDNA mutation:
The above studies clearly demonstrate that yeast Polζ and Rev1p localize in the mitochondria. We therefore tested whether these proteins were involved in spontaneous or induced mutagenesis of mitochondrial genome. Yeast REV1, REV3 or REV7 genes were inactivated and the frequency of mtDNA mutation was measured by mtarg8 reversion assay as described by STRAND and COPELAND (2002) . This assay is based on the fact that a yeast strain containing mitochondrial ARG8 gene is auxotrophic for arginine because mtarg8 gene contains two point mutations plus +1 frame shift mutation, the reversion of which (-1 frameshift mutation) is the basis of the assay. Reversion gives rise to the arg + phenotype, which can be selected using media lacking arginine. Our study revealed that the frequency of spontaneous mtDNA mutation in rev3 and rev7 single mutants was significantly reduced when compared to the wild-type ( Figure 2A ). Consistently, UV-induced frequency of mtDNA mutation was also reduced in rev3 and rev7 single mutants ( Figure 2B ). The spontaneous and UV-induced frequency of mtDNA mutation in rev1 mutant was also reduced when compared to the wild-type ( Figure 3A and 3B). We conclude that the yeast Pol ζ and Rev1p operate in the mitochondria and contribute to mitochondrial genome mutagenesis in a way analogous to its function in nucleus.
Polymerase ζ and γ belong to same epistatic pathways: To date, DNA polymerase γ (Pol γ),
encoded by the MIP1 gene in yeast, is the only polymerase described in the mitochondria (FOURY, 1989) . Disruption of the MIP1 gene demonstrates that the enzyme is required for mtDNA replication (SCHULTZ et al. 1998; CHAN et al. 2005) . Apart from its role in mtDNA replication, Pol γ also plays a part in mtDNA repair (BOGENHAGEN 1999 , CHAN et al. 2005 . We found no further decrease in the frequency of mtDNA mutation in mip1rev3 or mip1rev7 double mutants compared to that in rev3 or rev7 single mutant (Figure 2A and 2B), suggesting that Pol γ and Pol ζ belong to the same epistatic group.
Interestingly, the drop in the frequency of spontaneous mtDNA mutation in mip1 rev1 double mutant was more compared to rev1 single mutant ( Figure 3A) . A similar drop in the frequency of mtDNA mutation was obtained in response to UV ( Figure 3B ). These results suggest that Rev1p belongs to a different epistatic group when compared with Mip1p. These results provide evidence for the existence of complex interactions among polymerase ζ, Rev1p and Mip1
proteins and underscore the complexity of underlying mechanisms in maintenance of mtDNA stability.
Human REV1p, REV3p, and REV7p do not localize to the mitochondria: The human homologs of the yeast proteins involved in error-prone TLS have been identified (LIN et al. 1999; GIBBS et al. 1998; MURAKUMO et al. 2002) . The human cells expressing hREV1 or hREV3 antisense mRNA show less mutagenic properties after UV irradiation, suggesting that hREV1 and hREV3 are involved in UV-induced TLS mutagenesis (KOZMIN et al. 2003; GIBBS et al. 1998 ). Recombinant hREV1 protein shows terminal deoxycytidyl transfererse activity (LIN et al. 1999) , as does yeast Rev1 protein.
Interaction between hREV3 and hREV7 indicates the existence of DNA polymerase ζ complex in human cells (MURAKUMO et al. 2001 ). To identify a role for human REV proteins in the mtDNA mutagenesis, we examined the mitochondrial localization of the human REV gene products by fluorescent confocal microscopy.
Based on the fact that the three yeast REV gene products localize to the mitochondria, we determined whether or not this is true for the human homologs. We cloned DNA sequence encoding the N-terminus containing putative MTS from hREV1, hREV3 or hREV7 in frame with GFP in pEGFP-N2 plasmid. The fusion construct was transiently transfected in MDA-MB-435 human cell line. In contrast to yeast, the human REV1 fusion protein was predominantly localized to the nucleus, whereas the human REV3 and REV7 proteins were found in the cytoplasm. No mitochondrial distribution was detected for any of the three human REV proteins (Figure 4 ). These studies suggest that the N-termini of these human REV proteins do not contain the properties of the mitochondrial targeting signal.
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We thank, Dr. W. C. Copeland (NIEHS) for yeast strain TF236, Mr. Ed Hurley for help with confocal microscopy and Ms. Ellen S. Sanders-Noonan for editing this manuscript. This study was supported by grants from the National Institutes of Health ES-097714, CA113655 and Charlotte Geyer Foundation. (op1) ura3-52 lys2 cox3::mtarg8) and its mutant derivatives. The strain TF236 was kindly provided by Dr. W. C. Copeland (NIEHS), and deletions of REV, REV3, REV7 and MIP1 were introduced as described (RASMUSSEN et al. 2003; FOURY 1989) , using suitable gene knockout constructs provided by Drs. C. W. Lawrence (University of Rochester, NY) and F. Foury (Université de louvain, Belgium). The mutant strains were verified by PCR. The cox3::mtarg8 construct in the strain TF236 was generated by Fox's group, who recoded the nuclear ARG8 gene using the mitochondrial genetic code and inserted this gene into the COX3 gene in the mitochondrial genome (STEELE et al. 1996) . Frequency of mtDNA spontaneous (A) was determined by using the mtarg8 reversion assay as described (see text and STRAND and COPELAND 2002 for detail) . When the frequency of UV-induced mtDNA mutation was determined (B), the same yeast strains were grown for two days to stationary phase at 30°C in a rotary shaker in YPD medium. They were then washed and diluted appropriately, followed by plating them in duplicate to YPD and SD/Arg minus plates. The plated cells in YPD were incubated at 30°C for 3 days to obtain viable counts, and those in medium lacking arginine were irradiated with UVC at 35 J/m 2 dose using UV Stratalinker (Stratagene, La Jolla, CA) and then incubated in the dark at 30°C for 3 weeks to obtain arg + revertant counts. In both (A) and (B), values presented are the average ± SEM of 20 independent cultures beginning with single colonies and compared statistically, using students t-test assuming unequal variances. * p<0.01 show that these fusion proteins localize to different subcellular compartments. The targeting sequence-containing plasmids encoding these fusion proteins were constructed using the vector pEGFP-N2 and the primers listed in Table 1 . The plasmids containing the cDNA sequences encoding the human REV1, REV3 or REV7 were kindly provided by Dr. C. W. Lawrence (University of Rochester, Rochester, NY). (1-100aa) hREV7
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